Biotransformations were performed on eight selected yeast strains, all of which were able to selectively hydrogenate the chalcone derivatives 3-(2"-furyl)-(1) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) into 3-(2"-furyl)-(2) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-propan-1-one (4) respectively. The highest efficiency of hydrogenation of the double bond in the substrate 1 was observed in the cultures of Saccharomyces cerevisiae KCh 464 and Yarrowia lipolytica KCh 71 strains. The substrate was converted into the product with > 99% conversion just in six hours after biotransformation started. The compound containing the sulfur atom in its structure was most effectively transformed by the Yarrowia lipolytica KCh 71 culture strain (conversion > 99%, obtained after three hours of substrate incubation). Also, we observed that, different strains of tested yeasts are able to carry out the bioreduction of the used substrate with different yields, depending on the presence of induced and constitutive ene reductases in their cells. The biggest advantage of this process is the efficient production of one product, practically without the formation of side products.
Introduction
In recent years, there has been growing interest from the food industry in sweeteners. Within this group of substances, dihydrochalcones are increasingly gaining attention. The increase in interest is due to the fact that dihydrochalcones are synthesized by plant cells, and they are a daily part of our diet [1, 2] . They are present in citrus, apples, tomatoes, potatoes, bean sprouts, and other plants [3] . Dihydrochalcones have a wide spectrum of activity, such as antiviral (the ability to inhibit dengue virus proteases or herpes simplex virus), and anti-inflammatory and antioxidant activity [4] [5] [6] [7] . They are also known for their activity against pathogenic microorganisms, including gram-positive and gram-negative bacteria, as well as fungi [8] and antimalarial or anti-tuberculosis activity [9] . Dihydrochalcone (phlorizin) is an active inhibitor of fungal tyrosinase [6, 10] . Dihydrochalcones are also used in chemical synthesis to obtain biologically active compounds. 2 -Hydroxydihydrochalcon is used as a building block in the synthesis of propafenone-the active substance of anti-arrhythmic drugs [11] [12] [13] .
Schallenberger's hypothesis explains the sensation of sweet taste, according to which the flavor substance and the receptor create contact by hydrogen bonding [14] . This is due to the proton donor groups (AH) and an electron donor (B) , which are also present in taste receptors and the structure of sweet substance. The sweetness of dihydrochalcones is related to their structure. The most important element of the structure of these compounds is the substitution of the B-ring in the meta or para position >99 ± 0.0 10 ± 1.1 5 ± 0.5 64 ± 0.9 6 >99 ± 0.0 14 ± 1.2 9 ± 0.6 83 ± 0.6 12 >99 ± 0.0 25 ± 3.1 12 ± 0.9 98 ± 0.3 The strains of the species Saccharomyces cerevisiae are widely described as biocatalysts, effectively reducing the double bond in various compounds -derivatives of chalcones [9] , containing methyl, methoxy, hydroxy substituents [37] , and even bromine or chlorine [33, 38] , in both A and B-rings. On the basis of the results obtained in this study, it can be concluded that a chalcone derivative, containing a heteroatom in the B-ring, is effectively transformed by this strain. In previous studies during biotransformation of chalcones, in addition to the hydrogenation product, a carbonyl reduction product was also observed [28, 32, 37, 39] . In this study, additional products were not observed in any of the reactions carried out for the test compounds. The obtained product 3-(2"-furyl)-1-(2'-hydroxyphenyl)-propan-1-one (2) was characterized by the following NMR spectrum: 1 In the experiment, 3-(2"-furyl)-(1) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) were obtained by chemical synthesis, and then converted to 3-(2"-furyl)-(2) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-propan-1-one (4) using biotransformation methods on a semi-preparative scale (Figures 2 and 3 ). The obtained products 1-4 were purified (isolated yield > 70%) and their structures were determined on the basis of NMR analysis ( 1 H-NMR, 13 C-NMR and correlation spectra -HMBC; HMQC, COSY) as well as by gas chromatography (GC) and thin-layer chromatography (TLC) analysis (Supplementary Materials). 
Biotransformation
O OH O O OH O microorganism 1 2 A B 1 2 3 1' 2' 3' 4' 5' 6' 1" 2" 3" 4" 5"
Time [h]
Strain Number KCh71 KCh120 KCh242 KCh464 1 67 ± 3.9 0 ± 0.0 1 ± 0.6 35 ± 3.6 3 >99 ± 0.0 10 ± 1.1 5 ± 0.5 64 ± 0.9 6 >99 ± 0.0 14 ± 1.2 9 ± 0.6 83 ± 0.6 12 >99 ± 0.0 25 ± 3.1 12 ± 0.9 98 ± 0.3 The strains of the species Saccharomyces cerevisiae are widely described as biocatalysts, effectively reducing the double bond in various compounds -derivatives of chalcones [9] , containing methyl, methoxy, hydroxy substituents [37] , and even bromine or chlorine [33, 38] , in both A and B-rings. On the basis of the results obtained in this study, it can be concluded that a chalcone derivative, containing a heteroatom in the B-ring, is effectively transformed by this strain. In previous studies during biotransformation of chalcones, in addition to the hydrogenation product, a carbonyl reduction product was also observed [28, 32, 37, 39] . In this study, additional products were not observed in any of the reactions carried out for the test compounds. The reduction of the double bond was the most efficient in the Saccharomyces cerevisiae KCh 464 strain, where over 99% of the product 2 was observed in the reaction medium after six-hour substrate incubation ( Table 2) . On the first day of the reaction, the four tested microorganisms exceeded the threshold of 90% of the substrate 1 conversion: R. rubra KCh 4, R. rubra KCh 82, Y. lipolytica KCh 71, R. marina KCh 77. In the culture of C. viswanathii KCh 120, the 90% limit was exceeded after three days of the biotransformation process. A surprisingly low conversion was observed for the strains R. glutinis KCh 242 and C. parapsilosis KCh 909 (Table 1 ). High hydrogenation of the double bond in the cultures of these strains was observed for chalcone and its methoxy derivatives [32, 36] . 
Substrate 3 was most effectively transformed by the Y. lipolytica KCh 71 strain. The conversion above 99% was recorded after the third hour of biotransformation. A high efficiency of reduction of the double bond of chalcone derivatives was also confirmed for Saccharomyces cerevisiae KCh 464 strain (conversion > 98% after three hours of transformation). For most of the tested strains, a lower conversion of the substrate, containing thiophene (3) in its, compared to the furan-containing substrate (1), was observed. Interestingly, the strain Rhodotorula rubra KCh 4 after twelve hours showed only 10% of substrate 1 conversion, and after 24h it was already 91% (Figure 1 ), which may indicate that ene reductases are not present in the cell, but their production begins as a response to the stimulus (substrate induction) from the environment. An analogous induction of dehydrogenases (ene reductases) was observed for the strain C. viswanathii KCh 120. In the culture of this strain, substrate 3 was converted faster. However, conversion above 98% was achieved for both substrates at the same time in three days. Based on the obtained results, it can be concluded that the constitutive enzyme is present in Y. lipolytica KCh 71 and S. cerevisiae KCh 464 strains (observations for both substrates 1 and 3). Biotransformations with these microorganisms show the fastest conversion progress, compared to other used microorganisms for both substrate 1 and 3 (Tables 1-3 ). Similar observations were obtained during the biotransformation of chalcone and described earlier [32] . The strains of the species Saccharomyces cerevisiae are widely described as biocatalysts, effectively reducing the double bond in various compounds -derivatives of chalcones [9] , containing methyl, methoxy, hydroxy substituents [37] , and even bromine or chlorine [33, 38] , in both A and B-rings. On the basis of the results obtained in this study, it can be concluded that a chalcone derivative, containing a heteroatom in the B-ring, is effectively transformed by this strain. In previous studies during biotransformation of chalcones, in addition to the hydrogenation product, a carbonyl reduction product was also observed [28, 32, 37, 39] . In this study, additional products were not observed in any of the reactions carried out for the test compounds.
Biotransformation
The obtained product 3-(2"-furyl)-1-(2'-hydroxyphenyl)-propan-1-one (2) was characterized by the following NMR spectrum: 1 
Materials and Methods

Substrate
The substrates, used for biotransformation, were obtained by Claisen-Shmidt condensation reaction of 2-hydroxyacetophenone (5) with furfural (6) or aldehyde 7 [purchased from Sigma-Aldrich (St.
Louis, MO, USA)] dissolved in methanol in an alkaline environment at high temperature (Figures 4 and 5 ) according to the procedure described previously [32, 40] .
The resulting 3-(2"-furyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (1) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) were used as a substrates for the biotransformation. 
Materials and Methods
Substrate
The substrates, used for biotransformation, were obtained by Claisen-Shmidt condensation reaction of 2-hydroxyacetophenone (5) with furfural (6) or aldehyde 7 [purchased from Sigma-Aldrich (St. Louis, MO, USA)] dissolved in methanol in an alkaline environment at high temperature (Figures 4 and 5 ) according to the procedure described previously [32, 40] . The resulting 3-(2"-furyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (1) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) were used as a substrates for the biotransformation. The resulting compound (1) was characterized by the following NMR spectral data: 
Microorganisms
The studies were carried out on eight strains of yeasts of the species Rhodotorula rubra (KCh 4 and KCh 82), Rhodotorula marina (KCh 77), Rhodotorula glutinis (KCh 242), Yarrowia lipolytica (KCh 71), Candida viswanathii (KCh 120), Saccharomyces cerevisiae (KCh 464), and Candida parapsilosis (KCh 909), which have already been described [26, 33] , and come from the collection of the Department of Chemistry of Wrocław University of Environmental and Life Sciences, Poland. All the strains were cultivated on a Sabouraud agar consisting of aminobac (5 g), glucose (40 g) and agar (15 g) dissolved in 1 L of distilled water and pH 5.5 and stored in a fridge at 4 • C.
Analysis
Initial tests were carried out using TLC plates (SiO 2 , DC Alufolien Kieselgel 60 F 254 (0.2 mm thick), Merck, Darmstadt, Germany). The product separation on a plate in cyclohexane is Ethyl acetate eluent (9:1 v/v). The product was observed (without additional visualization) under the UV lamp for the wavelength of 254 nm.
Gas Chromatography (GC)
GC analysis were performed using an Agilent 7890A gas chromatograph, equipped with a flame ionization detector (FID) (Agilent, Santa Clara, CA, USA). The capillary column DB-5HT (30 m × 0.25 mm × 0.10 µm) was used to determine the composition of the product mixtures. A temperature program was applied as follows: 80-300 • C, the temperature on the detector: 300 • C, injection 1 µl, flow 1 mL/min, flow H 2 : 35 mL/min, air flow; 300 mL/min, time of analysis; 18.67 min. The retention time of the substrate 1-9,6 min, product 2 retention time-8,5 min. The retention times for compounds having the thiophene substituent 3 and 4 were recorded as 10,8 min, and 9,7 min, respectively (Supplementary Materials).
NMR Analysis
NMR analysis was performed using a DRX 600 MHz Bruker spectrometer (Bruker, Billerica, MA, USA). The prepared samples were dissolved in deuterated chloroform CDCL 3 . The analyses performed, included 1 H-NMR, 13 C-NMR, HMBC (two-dimensional analysis) HMQC (heteronuclear correlation) and COSY (correlation spectroscopy) (Supplementary Materials).
Screening
Erlenmeyer flasks with a capacity of 300 mL were used for biotransformation; each contained 100 ml of the culture medium -Sabouraud (3% glucose, 1% peptone). The transplanted microorganisms were incubated for three days at 24 • C on a rotary shaker (144 rpm). After this time, the substrates 1 and 3 were added in an amount of 10 mg, dissolved in 1 mL of DMSO (dimethyl sulfoxide). Samples were collected after 1, 3, 6, 12 hours and 1, 3, and 7 day of incubation. After this time, samples were extracted with ethyl acetate, dried with anhydrous magnesium sulfate (MgSO 4 ), and analyzed by TLC and GC.
Semi-Preparative Scale
Semi-preparative biotransformations were performed in 2 L Erlenmeyer flasks, each containing 500 mL of culture medium (3% glucose, 1% peptone). The transferred microorganisms were incubated for three days at 24 • C on a rotary shaker. After this time, the substrate was added in 100 mg, dissolved in 2 mL of DMSO. After ten days, the product in the mixture was isolated by triple extraction with ethyl acetate (3 extractions of 300 mL). After drying with anhydrous magnesium sulfate, and concentrating the sample by using a rotary evaporator, the obtained product was analyzed by GC and NMR.
The biotransformation product was separated on preparative TLC plates (1000 µm, silica gel plates (Anatech, Gehrden, Germany) with cyclohexane: Ethyl acetate eluent (9:1 v/v). After separation, the product was scraped from the plate, extracted twice from the gel with ethyl acetate, dried with magnesium sulfate and concentrated by a rotary vacuum evaporator. A one-day transformation of 3-(2"-furyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (1) (100mg) in Y. lipolytica KCh 71 gave 72 mg (colorless oil) of 3-(2"-furyl)-1-(2'-hydroxyphenyl)-propan-1-one (2). One-day transformation of 3-(2"-furyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) (100mg) in the same strain culture yielded 76 mg (pale yellow oil) of 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-propan-1-one (4). The resulting products were then analyzed by NMR spectroscopy.
Conclusions
There is known catalytic activity of ene reductases present in many yeast species, consisting in the hydrogenation of chalcone to dihydrochalcone.
In this study, 3-(2"-furyl)-(1) and 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-prop-2-en-1-one (3) were biotransformed using eight yeast strains. The purpose was to test the microorganisms' ability to selectively hydrogenate the double bond in chalcone containing heteroatom, in one of the rings, and select the most efficiently transforming strain. A significant factor in this type of reaction is not only its duration and the efficiency with which the substrate is transformed, but also the lack of by-products. Out of the available microorganisms, the fastest conversions of substrate 1 to the expected product were observed in Saccharomyces cerevisiae KCh 464 and Y. lipolytica KCh 71 strains. Product 2 was observed following the first hour of biotransformation (constitutive enzyme), and the conversion efficiency >99% was recorded as early as six hours after the start of the biotransformation. High conversion of substrate 1, higher than 90% after 24 hours of biotransformation, was also observed in the R. rubra KCh 4 culture. However, when analyzing the composition of the reaction mixture in twelve hours, the observed substrate conversion did not exceed 10%. This biotransformation pattern indicates that it is probably the result of substrate-induced ene reductases. Comparing these data to the conversion of 2-hydroxychalcone to dihydrochalcone, as previously described in [32] , where the above-mentioned strains were also tested, we observed that the presence of the heteroatom in the B-ring practically does not affect the transformation efficiency-after 72 hours in the case of KCh 71 and KCh 464 strains; however, it is much more efficient in the case of the strain KCh 4. Substrate 3, which is composed of a sulfur atom in ring B, was analogously converted by the tested biocatalysts in the same way as substrate 1. Substrate 3 was most effectively transformed by Y. lipolytica KCh 71 strain culture.
During this biotransformation, 3-(2"-thienyl)-1-(2'-hydroxyphenyl)-propan-1-one (4) was obtained in 99% yield after the third hour of transformation.
